Effects of calcium on myocardial cells were investigated in the in situ canine heart. Ninety-three experiments were performed on 28 anesthetized dogs. Solutions of high or low calcium concentrations were perfused into the coronary artery through an artificial coronary circuit. Surface and intracellular electrograms were simultaneously recorded. The most prominent effect of low calcium was the prolongation of the membrane action potential duration. The most prominent effects of high calcium were a shortening or disappearance of phase 2 and a decrease in the amplitude of phase 2. The mechanism of S-T segment elevation is discussed in association with these findings. These observations show that true S-T segment elevation can be caused by the faster repolarization of cardiac muscle cells in the injured area.
It is well known that various ions cause changes in intracellular electro-Jap. Heart J. M ay, 1970 grams.6) For example, changes in transmembrane gradients of potassium, sodium and other ions cause changes in the amplitude of the membrane resting or action potentials.
These are reflected in the surface electrogram as S-T segment displacement.
Changes in the concentration of the calcium ion cause considerable changes in the repolarization phase of the intracellular electrogram. 6) In the present study, the mechanism of S-T segment displacement was studied by comparing the changes in surface and intracellular electrograms during perfusions of high or low calcium solutions.
This work was performed on the in situ canine heart. METHOD Ninety-three experiments were performed on 28 dogs weighing 11 to 25Kg. Each dog was anesthetized with 25mg./Kg. intravenous sodium pentobarbital. Opening of the chest and exposure of the heart were performed by methods previously described.7) To prevent coagulation of the blood, 50 to 100mg. heparin sodium was injected into the femoral vein. An artificial coronary circuit was made between the left carotid artery and the anterior descending branch of the left coronary artery (Fig.1) . The recording area was selected on the left ventricular surface which was supplied with blood through the artificial circuit. Two concentric steel rings covered with polyethylene tubing were placed over the recording area. Arms extending from the rings were firmly affixed to the operating table. To minimize movement of the recording area, the outer ring was sutured to the ventricular surface through the epicardium. The inner ring remained unsutured. The parietal peri- reached the level of the T-Q segment. Subsequently, the T wave fused into an elevated S-T segment (Fig.2) . The QT interval remained unchanged until the nadir of the T wave reached the T-Q level. There was no change in the rhythm of the heart. The J-point progressively rose, resulting in a sloping elevation of the In the surface electrogram the S-T segment gradually became displaced upwardly. There is no significant displacement of the T-Q level. In correlation to these changes is the decrease of phase 2 in the intracellular electrogram.
initial part of the S-T segment (Fig.2) . Subsequently, the terminal part of the S-T segment gradually became upwardly displaced. Finally, the entire S-T segment became elevated. There were no significant changes in the level of the T-Q segment (Figs.2, 3) . The R wave gradually increased in amplitude (Fig.2) . The onset of the intrinsic deflection became progressively delayed. The QRS duration became prolonged. There were no significant changes in the rhythm of the heart. Intracellular electrograms: The convexity of phase 3 slightly decreased (Fig.2) . The amplitude of the membrane action potential (MAP) increased.
The dip between phase 1 and phase 2 gradually deepened. As a result of these changes, the spike of phase 1 became prominent (Fig.2) . The amplitude of phase 2 gradually decreased and its duration gradually shortened. The decreasing amplitude of phase 2 caused the spike of phase 1 to become more prominent. The resting level of the MAP showed no significant changes. The duration of the MAP became shortened.
Relationship between surface and intracellular electrographic changes: A constant relationship was observed between surface and intracellular electrographic changes.
Qualitatively, the S-T segment change corresponds to the potential change in phase 2; and the change of the T wave corresponds to the potential change in phase 3 (Fig.2) . The delayed onset of the intrinsic deflection corresponds, qualitatively, to the delayed onset of the MAP. The degree of the elevation of the S-T segment is closely related to the degree of the decrease in the amplitude of phase 2 in the corresponding intracellular electrogram. In general, the greater the decrease in the amplitude of phase 2, the greater is the elevation of the S-T segment.
The quantitative relationship between changes at the ST-T interval in surface electrograms and the corresponding changes in intracellular electrograms was studied by a method previously described.5) The ST-T interval and the corresponding interval in the intracellular electrogram were divided into sections at each 10msec. interval. The differences of the potentials before and after changes occurred were measured at each interval. These values were plotted on graph-paper. The correlation coefficient (r) was calculated using the following equation5) previously formulated in this laboratory.
(v2-v1)=-C(V2-V1) In this equation, v1 is the surface potential at any instant of the ST-T interval before changes occurred; v2 is the surface potential at the corresponding instant of a given cardiac cycle during changes; V1 and V2 are the membrane potentials corresponding to v1 and v2 respectively; and C is a proportionality constant.
As may be seen in Table I , the value of (r) is more than 0.90 in all cases.
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B. Low-calcium experiments
Surface electrograms. The inverted T wave seen in the control tracing gradually deepened. The Q-T interval progressively became prolonged. In a few cases the S-T segment became depressed. This was associated with an increase in the amplitude of phase 2 in the intracellular electrogram (Fig.4) .
No changes were observed in the level of the T-Q segment. The R wave gradually decreased in amplitude. The onset of the intrinsic deflection oc- Fig.4 . Low-calcium perfusion. (Same designations as in Fig.2 ). The displacement of the ST-T from the control is proportional to the corresponding displacement in the intracellular electrogram. Tracings were photographically superimposed so that the onsets of the QRS complex were identical in time. curred earlier than in control studies (Fig.4) . The QRS duration became slightly shortened. There was no change in the rhythm of the heart. Intracellular electrograms: The convexity of phase 2 gradually increased, resulting in the prolongation of phase 2. In 33 cases no discernible changes were observed in phase 3. In 5 cases the repolarization rate of phase 3 slightly decreased. As a result of these changes, the duration of the MAP became prolonged. The prolongation of phase 2 contributed mainly to a prolongation of the duration of the MAP. In a few cases the amplitude of phase 2 slightly increased. This was accompanied by depression of the S-T segment in the surface electrogram. The resting level of the MAP remained unchanged during the experiment.
Relationship between sufrace and intracellular electrograms: The most distinct relationship between surface and intracellular electrographic changes was observed during the ST-T duration. The potential change of phase 3 in the intracellular electrogram corresponds to the change of the T wave in the surface electrogram (Fig.4) . The potential change of phase 2 corresponds to the change of the S-T segment. In each case the value of the correlation coefficient (r) is more than 0.90 (Table I) .
DISCUSSION
Effects of calcium on cardiac muscle have been extensively studied.9)-14)
The shortening or disappearance of phase 2 is the most prominent effect of increased calcium concentration on ventricular muscle fiber. The prolongation of the duration of phase 2 is the most prominent effect of decreased calcium concentration. These effects were also observed in the present study.
There are different opinions regarding the effects of high and low calcium on the amplitude of the membrane resting potential (MRP), and on the duration of the MAP. Some investigators11)-13) have reported that high or low concentrations of calcium cause changes in the amplitude of the MRP. Others 9),10) found no significant changes in the amplitude of the MRP. In the present study, neither high nor low calcium concentrations caused significant changes in the amplitude of the MRP. Perfusions of low calcium solutions invariably caused prolongation of the duration of the MAP and of the QT interval (Fig.4) .
Qualitatively constant relationships were observed between the changes in surface and intracellular electrograms in the present study. The most prominent was that between changes at the ST-T interval and the changes in the repolarization phase (Figs.2, 4) . Elevation of the S-T segment was associated with a decrease in the amplitude of phase 2, and vice versa (Figs.2, Jap. Heart J. M ay, 1970 4). In each experiment, the correlation coefficient (r) between changes at the ST-T interval and the corresponding changes in the intracellular electrogram was more than 0.90 (Table I) . There is a quantitatively good linear relationship between the surface and intracellular electrographic changes. S-T elevation is an expression of injury currents which are classified as diastolic and systolic.15) In diastolic injury current, the injured muscle cell membrane supposedly loses the ability to maintain normal polarization. Therefore, the injured area is relatively negative to the uninjured area during the resting stage. This negativity of the injured area causes T-Q level depression. This results in relative S-T elevation in surface electrograms recorded from the injured area. In systolic injury current, the injured cell membrane supposedly loses the normal ability to depolarize during activation. As the injured area remains partly polarized after completion of activation, the injured area is relatively positive to uninjured area. Therefore, this persistent polarization in the systolic stage causes true S-T elevation in surface electrograms recorded from the injured area.15) Many investigators16)-19) have reported only true S-T elevation in the injured area, indicating systolic injury current. Others20)-23) have found only T-Q depression, indicating diastolic injury current. Some investigators24)-28) and this laboratory1) observed both T-Q depression and true S-T elevation, indicating the presence of both diastolic and systolic injury currents.
Previously, this laboratory1)-5) observed that the changes of phase 2 correspond to the changes of the S-T segment in surface electrograms recorded from the immediate vicinity of the intracellular electrode. In the present study during perfusions of high-calcium solutions, the S-T segment became greatly elevated without significant depression of the level of the T-Q segment. This S-T segment elevation was invariably accompanied by a decrease in the amplitude of phase 2 without significant change in the amplitude of the MRP. This true S-T elevation may be caused by the apparently faster repolarization in the early stage of the repolarization phase, without decrease in the amplitude of the MAP in the injured area. As the injured area is repolarized earlier than the uninjured area in the early stage of the repolarization phase, the injured area becomes relatively positive in comparison to other areas. Therefore, the direct unipolar electrograms recorded from the injured area show true S-T elevation.
Samson and Scher29) reported that relative S-T elevation is the result of incomplete polarization. They explained true S-T elevation as a manifestation of earlier repolarization of myocardial cells in the injured area.
From the present results it is concluded that true S-T elevation in the surface electrogram can also be caused by the apparently faster repolarization in the early stage of repolarization, without hypo-depolarization of myocardial muscle in the injured area.
The nature of S-T depression in the epicardial lead electrogram has been explained as a reciprocal effect of injury current in the subendocardial region.30) It has been observed2) that S-T depression in the surface electrogram is accompanied by an increase in the amplitude of the MRP in the corresponding intracellular electrogram. This has been called "primary" S-T depression, and is caused by hyper-polarization2) of cardiac muscle cells in the injured area.
In the present study during perfusions of low-calcium solutions, there were a few cases in which there was a slight increase in the amplitude of phase 2. These changes correspond to S-T depression without significant change in the level of the T-Q segment in the surface electrogram. Therefore, the apparently slower repolarization without hyper-polarization of cardiac muscle cells in the injured area may also contribute to S-T segment depression in the surface electrogram.
